Similar to the radiological findings in rapidly destructive arthrosis of the hip joint (RDA), subchondral insufficiency fracture of the femoral head (SIF) can result in progressive femoral head collapse of unknown etiology. We thus examined the osteoclast activity of hip joint fluid in SIF with progressive collapse in comparison with that in RDA. Twenty-nine hip joint fluid samples were obtained intraoperatively with whole femoral heads from 12 SIF patients and 17 RDA patients. SIF cases were classified into subgroups based on the presence of !2 mm collapse on preoperative radiographs: SIF with progressive collapse (n ¼ 5) and SIF without progressive collapse (n ¼ 7). The levels of tartrate-resistant acid phosphatase (TRACP)-5b, interleukin-8, vascular endothelial growth factor (VEGF), and matrix metalloproteinase (MMP)-9 were measured. The number of multinuclear giant cells at the subchondral region was histopathologically assessed using mid-coronal slice of each femoral head specimen. The median levels of all markers and the median number of multinuclear giant cells in SIF with progressive collapse were significantly higher than those in SIF without progressive collapse, while there were no significant differences in SIF with progressive collapse versus RDA. Regression analysis showed that the number of multinuclear giant cells was positively correlated with the level of TRACP-5b in joint fluid. The present study demonstrated the possible association of increased osteoclast activity with the existing condition of progressive collapse in SIF, which was quite similar to the findings in RDA, indicating that increased osteoclast activity may reflect the condition of progressive collapse in SIF as well as RDA. ß
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Subsequently, Yamamoto and Bullough 2 established the concept of SIF with histopathological findings including a prominent fracture callus accompanied by granulation tissue beneath the subchondral bone. SIF usually occurs unilaterally in osteoporotic elderly females, and often causes femoral head collapse, as seen in osteonecrosis of the femoral head (ONFH). [1] [2] [3] [4] [5] In some cases of SIF, collapse of the femoral head ceases followed by the progression of osteoarthritic changes, 3, 6, 7 while other SIF cases result in progressive collapse of unknown etiology, similar to the radiological findings in rapidly destructive arthrosis of the hip joint (RDA). [8] [9] [10] [11] [12] [13] RDA is a relatively rare disease entity that usually occurs unilaterally in osteoporotic elderly females, which is similar to the characteristics of SIF patients. [1] [2] [3] 8, 14 RDA is clinically defined by progressive deterioration of the hip joint within 1 year after the onset of pain without any antecedent hip joint disease, such as osteonecrosis and infection. 8, 14, 15 Although the histopathological analysis of RDA usually shows little evidence of subchondral fracture due to the destruction of the subchondral region, SIF has been recently proposed as one of the conditions that may cause RDA. 2, 9, 10 A previous study reported that the joint fluid in RDA shows increased levels of tartrate-resistant acid phosphatase (TRACP)-5b, which is widely used as a specific bone resorption marker associated with osteoclast cells. 16, 17 Consistent with the findings of joint fluid, histopathological studies in RDA also revealed severe bone resorption with the accumulation of osteoclast cells in both bone marrow and synovium. 18, 19 These findings together indicate that increased osteoclast activity in the joint fluid may be associated with the pathological condition of RDA.
On the other hand, to our knowledge, no previous studies have investigated the joint fluid in SIF. We hypothesized that osteoclast activity may be associated with the condition of progressive collapse in SIF, as seen in RDA. In the present study, we examined the osteoclast activity of hip joint fluid in SIF with progressive collapse in comparison with that in RDA.
METHODS Patients
This study was approved by our institutional review board. Between January 2009 and December 2015, 38 consecutive patients were treated with total hip arthroplasty for SIF or RDA. Of these 38 patients, 9 hips were excluded from the present study, as there was little or no aspirate fluid obtained during hip joint puncture. Then, 29 hip joint fluid samples were obtained intraoperatively with whole femoral heads from 29 patients. Of these, 12 patients (one male, 11 females; mean age 76 years; range, 66-84 years) were diagnosed with SIF based on the following histopathological findings. A linear fracture with a whitish-gray appearance paralleling the subchondral bone endplate was observed macroscopically. Microscopically, the whitish-gray area consisted of irregularly arranged fracture callus, reactive cartilage, and granulation tissue. 2, 20 Although small necrotic lesions may be observed in SIF, this is confined to the area around the fracture line, without any evidence of antecedent bone infarction (Fig. 1) . 3, 21 Based on the presence of !2 mm collapse on radiographs taken immediately before the surgery according to previous reports, 22, 23 five hips were classified as SIF with progressive collapse, and seven hips were classified as SIF without progressive collapse. Progressive joint space narrowing on radiographs, defined as !2 mm or 50% joint space narrowing within 1 year in RDA, 8, 15 was seen in one SIF hip with progressive collapse.
The remaining 17 patients (two males, 15 females; mean age 69 years; range, 37-87 years) were diagnosed with RDA based on a history of rapid joint destruction, and progressive joint space narrowing on radiographs by !2 mm or 50% joint space narrowing within 1 year. 8, 15 The histopathological findings of RDA were characterized by the loss of articular cartilage at the collapsed lesion, aggregated epithelioid histiocytes and giant cells, and articular cartilage embedded in amorphous eosinphilic debris (Fig. 2) . 8 As a control, 10 hip joint fluid samples were obtained intraoperatively from 10 patients with osteoarthritis (OA) of the hip joint (10 females; mean age 74 years; range, 65-86 years).
The clinical data from all 29 patients are summarized in 
Examination of Hip Joint Fluid
All samples of joint fluid were obtained intraoperatively and stored frozen at À80˚C until analysis. The level of TRACP-5b was analyzed as a marker of bone resorption, as TRACP-5b is the bone-specific acid phosphatase isozyme that is localized in osteoclasts. 17 As cytokines, the levels of both interleukin (IL)-8 and vascular endothelial growth factor (VEGF) were also analyzed. IL-8 is a joint destruction factor in RDA, rheumatoid arthritis, tumor metastasis, and aseptic loosening of hip prosthesis, [24] [25] [26] while VEGF is a signal protein stimulated by vasculogenesis and angiogenesis, 27 that directly enhances osteoclastic bone resorption and survival of mature osteoclast cells. 28 The level of matrix metalloproteinase (MMP)-9 was analyzed as a marker of bone metabolism. MMP-9 is an inducible enzyme that specifically breaks down type IV collagen, 29, 30 which plays an important role in chondrocyte apoptosis, 31 and bone resorption induced by osteoclast cells. [32] [33] [34] The levels of IL-8 and VEGF were measured using a Cytometric Bead Array Flex Set (CBA; BD Biosciences, Tokyo, Japan). A 50 ml sample of joint fluid was used to measure the concentration of each cytokine; the samples were diluted to 1/2 with a 50 ml assay diluent. The levels of metabolism makers in the joint fluid were quantified using a commercially available ELISA kit (MMP-9: Cusabio, Tokyo, Japan and TRACP-5b: Ray Biotech, Tokyo, Japan). The metabolism marker samples were diluted in the same manner to match the detectable range for each marker kit. For the analysis of MMP-9, the samples were diluted to 1/100 with sample diluent. For the analysis of TRACP-5b, the samples were diluted to 1/4 with sample diluent. Next, the metabolism marker samples were placed on a specialized plate and incubated for about 2 h. The final concentrations were calculated according to each dilution ratio.
The Number of Multinuclear Giant Cells
The resected femoral heads were fixed in 4% para-formalin after the surgery. The samples were soaked in 70% ethanol for 1 day to remove fat from the bone marrow, decalcified using EDTA for 1 week, and embedded in paraffin. Histopathological specimens were then prepared using hematoxylin and eosin (HE) staining. Among several kinds of multinuclear giant cells, osteoclast cells can be characteristically identified as the multinuclear cells within the indentations of the bone matrix. 35, 36 Histopathologically, HE staining has also reportedly revealed the presence of many osteoclast-like multinuclear giant cells at the center of the bone destruction in RDA. 37 In reference to these reports, the number of multinuclear giant cells along the trabecular bone at the subchondral bone region per mm 2 was calculated using a mid-coronal slice of all histopathological specimens (Fig. 3A) . The subchondral bone region was defined as an area 5 mm under the cortical bone (Fig. 3B) . 38 Fracture Length of SIF The fracture length of SIF was assessed by band length ratio on T1-weighted magnetic resonance (MR) images based on the previous report, 7 represented as the length of the fracture line relative to the length of the weight-bearing portion of the femoral head (Fig. 4) . MR imaging was performed in nine of 12 SIF hips, including four hips with progressive collapse, and five hips without progressive collapse.
All radiological evaluations were performed using Image J software (National Institutes of Health, Bethesda, MD). Radiographs were taken using the same technique throughout the study period, with standardized beam positions and radiographic penetration. 
OSTEOCLAST-RELATED MARKERS IN SIF
Bone Mineral Density at the Femoral Neck Region Bone mineral density (BMD) at the femoral neck region was evaluated by high-resolution micro-computed tomography (mCT) (R_mCT T1, Rigaku, Tokyo, Japan) using surgicallyresected specimens. The femoral neck region was not included in seven of 29 specimens. Therefore, the remaining 22 specimens were evaluated including 11 specimens with SIF and 11 with RDA.
CT was performed at a voltage of 60 kV, current of 60 mA, resolution of 50 mm per pixel, and slice thickness of 0.4 mm. Structural indices of trabecular bone were calculated using a 3D image analysis system (TRI/3D-BON; RATOC System Engineering, Tokyo, Japan). The parameters were calculated in 3D as follows: The trabecular BMD was determined using a reference phantom (Kyoto Kagaku, Kyoto, Japan). Using a BMD value for trabecular bone, an area of >100 mg/cm 3 was extracted from within the bone marrow. BMD at the femoral neck region was defined as the mean values at two 10 mmcubes of the femoral neck region.
Statistical Analysis
Two observers (YK and HH) independently and blindly calculated the number of multinuclear giant cells at the subchondral region and band length ratio twice at monthly intervals. The intra-and inter-observer reliabilities were assessed using the intraclass correlation coefficients. Intraclass correlation was defined as substantial when the value was 0.61-0.80, and as almost perfect when the value was >0.80.
The levels of all measured markers in the joint fluid were compared between cases of SIF (with or without progressive collapse), RDA, and OA using a nonparametric Wilcoxon rank sum test. Both the number of multinuclear giant cells at the subchondral region and the BMD at the femoral neck region were compared between SIF (with or without progressive collapse) and RDA using a nonparametric Wilcoxon rank sum test. The band length ratio was compared between SIF hips with and without progressive collapse using the nonparametric Wilcoxon rank sum test. Statistical significance was set at p < 0.05. As TRACP-5b has been widely used as a specific bone resorption marker associated with osteoclast cells, Spearman rank correlation was used to evaluate the correlations between the level of TRACP-5b (indicating the correlation with osteoclast activity) with both the level of other markers in the joint fluid and the number of multinuclear giant cells at the subchondral region. 17 All statistical analyses were performed using the JMP Pro 11 software package (SAS Institute, Cary, NC).
RESULTS
Radiologically, all cases of SIF with progressive collapse revealed a large collapse of !2 mm at the time of the surgery, while the cases of SIF without progressive collapse had only a slight collapse of <2 mm. In RDA cases, the radiographs taken immediately before the surgery revealed progressive joint space narrowing (Fig. 5) .
The median levels of TRACP-5b, IL-8, VEGF, and MMP-9 in SIF with progressive collapse were significantly higher than those in SIF without progressive collapse (p < 0.01, p < 0.01, p < 0.05, and p < 0.01, respectively), while there were no significant differences between SIF with progressive collapse and RDA in the median levels of all measured markers (p ¼ 0.24, p ¼ 0.97, p ¼ 0.08, and p ¼ 0.58, respectively) (Fig. 6 ). In addition, there were no significant differences between SIF without progressive collapse and OA in the median levels of TRACP-5b, IL-8, VEGF, and MMP-9 (p ¼ 0.28, p ¼ 0.07, p ¼ 0.59, and p ¼ 0.74, respectively) (Fig. 6) . The regression analysis revealed that the levels of IL-8, VEGF, and MMP-9 were (Fig. 7A) . The regression analysis revealed that the number of multinuclear giant cells was positively correlated with the level of TRACP-5b in the joint fluid (r ¼ 0.83, p < 0.0001) (Fig. 7B) .
The median band length ratio in SIF with progressive collapse (median 56.6%; range, 40.7 À 71.8%) was significantly higher than that in SIF without Both the intra-and inter-observer reliabilities of the measurements (the number of multinuclear giant cells and band length ratio) were almost perfect (0.984 and 0.946 for the number of multinuclear giant cells, and 0.878 and 0.911 for the band length ratio), indicating good reproducibility.
DISCUSSION
We examined the hip joint fluid to evaluate the variation in osteoclast activity between SIF with and without progressive collapse. The level of TRACP-5b (an indicator of osteoclast activity) 17 in SIF with progressive collapse was significantly higher than that in SIF without progressive collapse. Conversely, BMD at the femoral neck region did not significantly differ between SIF hips with and without progressive collapse. Osteoporosis is a progressive skeletal disorder characterized by an increase in osteoclastic bone resorption, leading to reduced BMD and great risk of fracture. 39 Considering the equivalence of BMD in the regions apart from the collapsed lesion of the femoral head in our study, we speculate that the intrinsic activation of osteoclast cells before collapse may have been similar in SIF hips with and without progressive collapse. Therefore, the increase in osteoclast activity seen in the group with SIF with progressive collapse may reflect the regional condition of the hip joint, rather than the general condition.
In our study, SIF with progressive collapse had more extensive fracture compared with SIF without progressive collapse. As a prognostic factor of SIF, Iwasaki et al. 7 reported that fracture length can predict the progression of collapse in SIF. Regarding the fracture healing process, the high activation of both osteoblast and osteoclast cells has an important role in bone remodeling. 40 Especially in the healing of osteoporotic fractures such as SIF, the predominance of bone resorption over bone formation reportedly causes the impairment of the mechanical property of the fractured callus. 41 As the possible pathological mechanism, the present results suggest that the function of bone remodeling can accelerate in the condition of progressive collapse in SIF to repair extensive fracture, resulting in high activation of osteoclast cells.
Similarly, the number of multinuclear giant cells along the trabecular bone at the subchondral region in SIF with progressive collapse was also significantly higher than that in SIF without progressive collapse. Among several kinds of multinuclear giant cells, osteoclast cells can be characteristically identified as the multinuclear giant cells within the indentations of the bone matrix. 35, 36 Additionally, in the current study, the number of multinuclear giant cells was positively correlated with the level of TRACP-5b in the joint fluid. We thus consider that the accumulation of multinuclear giant cells on the bone surface may represent a high degree of activation of osteoclast cells.
In addition to TRACP-5b, we analyzed the joint fluid to determine the levels of IL-8, VEGF, and MMP-9, which are reportedly osteoclast-related markers. 26, 28, 32 Similar to TRACP-5b, the levels of all these markers in SIF with progressive collapse were significantly higher than those in SIF without progressive collapse; furthermore, the levels of these markers were positively correlated with the level of TRACP-5b. IL-8 reportedly promotes osteoclast cell activation without receptor activator of NF-kB ligand (RANKL) OSTEOCLAST-RELATED MARKERS IN SIF activation, 26, 42 which was recently cloned as an essential inducer of osteoclastogenesis. 43, 44 Through the RANKL pathway activation, both VEGF and MMP-9 induce bone resorption by fully differentiated osteoclast cells. 28, [32] [33] [34] Considering the function of these markers regarding osteoclast cells, the levels of these markers in the joint fluid may be useful as additional tools to evaluate osteoclast activity.
The similarity of patient characteristics in SIF and RDA has led to the recent proposal that SIF may be one of the conditions that could cause the rapid joint destruction induced by osteoclast cells in RDA.
2,9,10 To our knowledge, however, there have been no published reports comparing the osteoclast activity in SIF versus RDA. We found that the levels of TRACP-5b in the joint fluid and the number of multinuclear giant cells in SIF with progressive collapse were similar to those in RDA. Histopathologically, Tamai et al. 37 reported many osteoclast-like multinuclear giant cells at the center of the bone destruction in RDA. Our findings regarding both the joint fluid and histopathological specimens thus suggest that SIF with progressive collapse may exhibit a similar pathology to RDA.
This study has several limitations. First, this was a retrospective study with a small number of SIF hips. Consequently, there was variation in the duration of the period from the occurrence of hip pain to surgery in patients with SIF. Although we confirmed that there was no statistically significant difference in the median period between SIF groups with and without progressive collapse, the apparent difference in the median period between the two SIF groups may have been due to the small number of subjects. Furthermore, the results from samples obtained intraoperatively reflected the conditions of osteoclast activity only at the time of operation. However, this is the first study to detect the pathological similarity of osteoclast activity in SIF with progressive collapse and RDA. Considering that the detailed mechanism of SIF remains unclear due to the small number of reported cases, we believe that the detection of this similarity may lead to a future prospective study that will elucidate the pathological mechanisms of SIF. Second, we were not able to histopathologically evaluate the number of multinuclear giant cells using TRAP staining, which is widely used as a marker of osteoclast activity, due to the deactivation caused by long-term preservation in 4% para-formalin. 45, 46 However, we counted the number of multinuclear giant cells focused on the cells along the bone trabecular, which was previously reported to have stronger activity for TRAP staining. 45 Therefore, our method seems to have had little effect on the evaluation of osteoclast activity.
CONCLUSION
The present study demonstrated the possible association of increased osteoclast activity with the existing condition of progressive collapse in SIF, which was quite similar to the findings in RDA, indicating that increased osteoclast activity may reflect the condition of progressive collapse in SIF as well as RDA.
